We have already reported that poly-l-arginine (PLA) remarkably enhanced the in vivo nasal absorption of hydrophilic macromolecules without producing any significant epithelial damage in rats. In the present study, we examined whether PLA could enhance the absorption of a model hydrophilic macromolecule, fluorescein isothiocyanate-dextran (FD-4), across the intestinal mucosa, as well as the nasal mucosa, by an in situ closed-loop method using the rat intestine. PLA was found to enhance the intestinal absorption of FD-4 in a concentration-dependent manner within the concentrations investigated in this study, but segment-specific differences were found to be associated with this effect (ileum>jejunum>duodenum≧colon). The factors responsible for the segment-specific differences were also investigated by intestinal absorption studies using aprotinin, a trypsin inhibitor, and an analysis of the expression of occludin, a tight junction protein. In the small intestine, the differences in the effect of PLA on the absorption of FD-4 may be related to the enzymatic degradation of PLA. In the colon, the reduced effect of PLA on the absorption of FD-4 may be related to the smaller surface area for absorption and the higher expression of occludin compared with other segments.
Effect of Poly-l-arginine on Intestinal Absorption of Hydrophilic Macromolecules in Rats
We have already reported that poly-l-arginine (PLA), a polycation, remarkably enhanced the in vivo nasal absorption of hydrophilic macromolecules in rats and increased their in vitro permeation across the rabbit nasal epithelium without producing any significant epithelial damage. [1] [2] [3] [4] [5] This effect is caused by the opening of tight junctions (TJ) in the epithelial cells. PLA plays an important role in opening the TJ in these cells, and the reaction induced by PLA appears to be reversible. 4, 6) Therefore, PLA is considered to be promising as an absorption enhancer for transnasal drug delivery. Although some studies have examined whether PLA can also enhance the absorption of hydrophilic macromolecules across the nasal epithelium, conjunctiva, alveolar epithelium, and Caco-2 cell sheets, [7] [8] [9] [10] there have been no studies looking at PLA᾿s absorption enhancing effect across the intestinal mucosa. The intestinal mucosa is an important tissue particularly for the absorption of orally administered drugs.
The intestinal absorption of hydrophilic macromolecules is well known to be typically very poor.
11) The small intestine has an extensive surface area for absorption, but various digestive enzymes exist in the gastrointestinal tract. The property of intestinal mucosa differs from that of the nasal mucosa in some respects. Therefore, in order to improve the absorption of hydrophilic macromolecules, various strategies such as the use of absorption enhancers, protease inhibitors and chemical modification have been examined in the intestinal mucosa as well as the nasal mucosa. [12] [13] [14] [15] It was recently reported that the TJ barrier function, as indicated by the epithelial resistance, varied in a segment-specific way in the rat intestinal epithelium. The segmental expression of occludin and claudins, which are the major TJ proteins, has also been reported to be related to the barrier function. 16) As a result, segment-specific differences may therefore exist regarding the effect of PLA on the intestinal absorption of hydrophilic macromolecules.
In the present study, we examined whether PLA could enhance the absorption of a model hydrophilic macromolecule, fluorescein isothiocyanate-dextran (FD-4), across the intestinal mucosa by an in situ closed-loop method using the rat intestine. In addition, we also examined whether there were segment-specific differences in the effects of PLA on the intestinal absorption using intestinal segments (duodenum, jejunum, ileum and colon). We then investigated the factors responsible for the segment-specific differences, while focusing on the influences of the enzymes involved in PLA degradation and the expression of occludin, one of the TJ proteins, in each intestinal segment. Namely, intestinal absorption studies using aprotinin, a trypsin inhibitor, and immunoblot assays of the occludin expression level were performed. mg/mL saline, 2 mg/kg) was injected into the right jugular vein of anesthetized rats (25% urethane, 1 g/kg, intraperitoneally (i.p.)), and then they underwent the same surgical procedure as that used in the intestinal absorption study.
MATeRIALS AND MeTHODS

Materials
Intestinal Absorption Study An intestinal absorption study was performed using an in situ closed-loop method. 17) Briefly, after anesthetizing the rats (weighing 250-260 g) with urethane, the intestine was exposed through a midline abdominal incision, an intestinal loop (length: 5 cm) was made in segments of the duodenum (5 cm distal from the pylorus), jejunum (between 10 and 15 cm distal from the pylorus), ileum (between 5 and 10 cm proximal from the cecum), or the colon (5 cm distal from the cecum). The intestinal contents were removed by the slow infusion of saline and air. In the duodenum, the bile duct was cannulated with polyethylene tubing (i.d. 0.28 mm) to form a bile fistula. FD-4 solution (in saline, 20 mg/kg) with or without different concentrations of PLA, or FD-4 solution (20 mg/kg) containing 100 µg/mL aprotinin and 0.5% PLA were introduced into the intestinal loop at 100 µL/ cm loop. In previous study, the enhancing effect of PLA on nasal absorption was the almost maximum at the concentration of 0.5%. In addition, the epithelial damage was not observed at 0.5% PLA.
2) Therefore, PLA concentration was used up to 0.5%.
Collection of Plasma Blood samples were collected from the left jugular vein using a heparinized syringe at predetermined times, and then were centrifuged at 20400×g for 5 min at 4°C to obtain plasma.
Determination of the Plasma FD-4 Concentration The plasma was diluted 100 times with potassium dihydrogenphosphate-sodium borate buffer (pH 8.5). The fluorescence intensity of FD-4 was determined using a fluorescence spectrofluorometer (RF-5000, Shimadzu, Kyoto) at an excitation wavelength of 495 nm and an emission wavelength of 515 nm. The limit of determination was 0.04 µg/mL. Data Analysis The plasma data for FD-4 were analyzed by a nonlinear least squares regression program (Algorithm: Damping Gauss-Newton method).
18) C max and T max were obtained from the drug concentration-time curve, and the area under the plasma concentration-time curves (AUC) were calculated by a moment analysis. The bioavailability (%) based on the period from 0-4 h (F 0-4 h ) was calculated from the amount of absorption obtained by means of a deconvolution method.
Immunoblot Analysis The epithelial cells were detached from the excised segments of the rat intestine using slide glasses. The cells were homogenized in Tris-buffer containing 20 mm Tris, 5 mm MgCl 2 , 1 mm ethylenediaminetetraacetic acid (eDTA), 0.3 mm ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid (eGTA) and a protease inhibitor cocktail, and subsequent passage through a 26G×1/2 needle. Membrane fractions were obtained by two centrifugation steps (5 min at 1000×g, 30 min at 43000×g, 4°C) . The pellets were then re-suspended in Tris-buffer. The protein contents were determined by the bicinchoninic acid (BCA) protein assay. The samples were mixed with equal volumes of Laemmli sample buffer (2×concentrated) and heated at 95°C for 10 min. Proteins (10 µg) were then separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGe) and transferred to polyvinylidene difluoride (PVDF) membranes. The membranes were blocked in phosphate buffered saline (PBS)-T (PBS containing 0.1% Tween 20) with 3% skim milk. They were subsequently incubated in primary antibody in blocking buffer at 4°C overnight, followed by incubation for 1 h with the secondary antibodies. The chemiluminescence was detected using an LAS-1000 instrument (Ge Healthcare, U.K.). The pixel density of occludin was determined using the Image J software program.
Statistical Analysis The statistical analysis was performed using Student's t-test. A p-value <0.05 was considered to be statistically significant. Figure 1 shows the plasma concentrations of FD-4 following intra-intestinal administration into the closed-loop in rats. Table 1 summarizes the pharmacokinetic parameters obtained for FD-4. PLA enhanced the absorption of FD-4 in all segments of the intestine. The highest enhancement of FD-4 absorption by PLA was observed in the ileum. The intestinal absorption of FD-4 increased in a PLA concentrationdependent manner. When 0.5% PLA was co-administered into the ileum, the F 0-4 h was 23.7%. The order of the F 0-4 h was ileum>jejunum>duodenum≧colon. These results indicate that PLA enhances the intestinal absorption of FD-4 in a concentration-dependent manner within the concentrations investigated in this study, and that segment-specific differences exist regarding the enhancing effect. One reason why the lowest absorption was observed in the colon may be due to the fact that the surface area for absorption is smaller than that in other segments. 19) Influence of Enzymatic Degradation of PLA on the Intestinal Absorption In order to investigate the influence of the enzymatic degradation of PLA on the intestinal absorption, 100 µg/mL aprotinin was co-administered with 0.5% PLA (Fig. 1, Table 1 ). In the duodenum, jejunum and ileum, the plasma concentration of FD-4 was increased remarkably after the co-administration of aprotinin, and the F 0-4 h was also higher than that when 0.5% PLA was administered without the trypsin inhibitor. In particular, the T max also increased in the duodenum and jejunum compared with the coadministration of FD-4 and 0.5% PLA alone, thus indicating that the effect was prolonged by preventing the enzymatic degradation of PLA. Meanwhile, the T max was not changed by co-administration of aprotinin in the ileum, indicating that the protease has a little influence on the enhancing effect of PLA, that is, only a little protease might exist in the ileum compared with the duodenum and jejunum. 20) The mucous layer seems to be removed incompletely in a well-established in situ closed-loop method. It has been reported that the pancreatic enzymes capable of degrading proteins resided in the mucous layer. 21, 22) Hence, the effect of PLA may also be influenced by the enzymes in the mucous layer. 20) The highest F 0-4 h was obtained in the jejunum when aprotinin was co-administered with PLA. In contrast, the absorption of FD-4 was not observed to increase after the co-administering aprotinin in the colon, and the F 0-4 h was almost equal to that when only 0.5% PLA was combined with FD-4. In addition, when 100 µg/ mL aprotinin alone was co-administered with FD-4 to each segment, the plasma concentrations of FD-4 were similar to those in the control group (FD-4 only) (data not shown). These findings corresponded with those of a previous study that reported the relationship between the enzymatic degradation of PLA and the enhancing effect on the nasal absorption of FD-4. 4) These results suggest that the effect of PLA on the absorption of FD-4 is affected by the enzymatic degradation of PLA in the small intestine, but that there is little influence of the enzymatic degradation on the absorption enhancement by PLA in the colon. Therefore, the differences in the enhancing effects of PLA on the absorption of FD-4 in the small intestine may be due to the amount of secreted enzyme. In addition, these differences may also be affected by the specific role of the duodenum as the first segment that encounters the acidic gastric contents. Figure 2 shows the expression of occludin in the epithelium of the different rat intestinal segments. The occludin expression levels were almost identical in the duodenum, jejunum and ileum, but in colon, the level was higher than that in the other intestinal segments. Markov et al. previously compared the epithelial barrier properties with the presence of TJ proteins in rat intestinal segments by combining impedance spectroscopy and immunodetection. They demonstrated that the colon showed the highest epithelial resistance, followed by the duodenum, jejunum, and ileum, and also that the colon had the highest expression levels of occludin and claudins 1, 3, 4, 5, and 8, which increased the epithelial barrier properties. 16) Their findings support the results of our present study. These results indicate that the paracellular barrier function in the colon epithelium is higher than that in other intestinal segments. Therefore, the smaller enhancing effect of PLA on the absorption of FD-4 in the colon may be related to the higher expression level of occludin, in addition to the smaller surface area for absorption in comparison to the other segments. In general, it has been reported that absorption enhancing effects of various absorption enhancers, such as sodium caprate, n-dodecyl-β-d-maltopyranoside and nitric oxide donors, are greater in the large intestine than those in the small intestinal regions. 12, 13) The absorption enhancing mechanism of PLA might differ from that of these enhancers. In the future, an evaluation of the expression of other TJ proteins, such as claudins and ZO-1, in each intestinal segment will be needed to clarify the segment-specific differences regarding the effect of PLA on the intestinal absorption, and to develop a more effective transmucosal drug delivery system.
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CONCLUSION
In conclusion, PLA enhanced the absorption of a hydrophilic macromolecule across the intestinal mucosa in rats. The enhancing effect of PLA was found to be dependent on its concentration within the concentrations investigated in this study. However, there were also segment-specific differences in the effect. These differences seem to be related to the surface area for absorption, the enzymatic degradation of PLA, and the expression of TJ proteins, such as occludin, in each intestinal segment. 
